Conventional directional sound sensing systems employ an array of spatially separated microphones to achieve directivity. However, there are insects such as the Ormia ochracea fly that can determine the direction of sound using a miniature hearing organ much smaller than the wavelength of sound it detects. The fly's eardrums are coupled mechanically with a separation of only 0.5 mm and yet have a remarkable sensitivity to the direction of sound. The MEMS based sensor mimicking the fly's hearing system was fabricated using an SOI substrate with a 25 μm device layer. The sensor consists of two 1.5 mm x1.6 mm wings connected in the middle by a 2.7 mm x 30 μm bridge. The entire structure is connected to the substrate by two torsional legs at the center. The frequency response of the sensor showed two resonance frequencies at approximately 1.1 kHz (rocking) and 1.5 kHz (bending). The resonance at 1.1 kHz is due to rocking of the wings by twisting the legs and the other at 1.5 kHz is due to bending of the bridge. The response of the sensor was probed electronically using comb finger capacitors integrated to the edges of the wings and with the help of an MS3110 chip. A peak output voltage of about 9V/Pa was measured for sound incident normal to the device at the resonance frequency of the bending mode. The bearing of the incident sound under these conditions could be determined to within a few degrees. These findings indicate the potential use of the MEMS sensor to locate sound sources with high accuracy.
INTRODUCTION
Human hearing makes use of the inter-aural time difference (ITD), or the difference in arrival time of a sound wave from one ear to the other, in combination with the inter-aural level difference (ILD), which is the difference in the sound pressure field between the ears, in order to determine from which direction a sound originated. In general, this is a successful direction finding (DF) strategy for an animal with ear spacing comparable to the wavelength of the incident sound. Human hearing can identify the originating direction of an incoming sound wave to typically 1-4 degrees of bearing accuracy by this method, depending on the type and frequency of sound generated and the number of simultaneous sources [1] . Ormia ochracea is a parasitic fly that has evolved the ability to accurately DF a particular cricket chirp for the purpose of laying eggs in the cricket. Unlike humans, the fly has two eardrums physically connected by a cartilaginous bridge about 0.5 mm wide and a total hearing system width of around 1.5 mm [2] . The relevant cricket chirp is around 4.8 kHz, corresponding to a wavelength of approximately 7 cm, almost two orders of magnitude larger than the eardrum separation of the fly [2] . Miles et al. [2] studied the Ormia fly's ear drums and modeled them as a coupled mechanical oscillator as illustrated in Figure 1 with two resonant modes. The fly appears to analyze the superposition of the two resonant oscillation modes to determine the incident direction of the cricket chirp, thus allowing for accurate DF of wavelengths significantly longer than the length scale of the hearing system. There are a number of reports [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] [15] [16] on attempts to develop miniature sensors based on the fly's hearing system with different degrees of success. The common feature of these approaches is that the sensors were primarily operated at the resonance frequency of a mechanical system as opposed to the off-resonance detection employed in conventional broadband microphones. The response of these sensors to sound was probed optically by reflecting light from the vibrating structures [6, 7, 11] or electronically using either comb finger capacitors [8, 12, 15, 16] or integrated piezoresistors [14] .
SENSOR DESIGN
The sensor described in this paper consists of two 1.5x1.6 mm 2 wings connected in the middle by a 2.7 mm x 30 µm bridge as shown schematically in Fig. 2 . The entire structure is connected to the substrate by two torsional legs at the center. The thickness of the mechanical structure is about 25 µm. At the edge of the wings, a comb finger capacitor was incorporated to electronically measure the vibration of the wings under sound excitation. The details of the comb finger capacitors can be found in Ref [12] . The frequency response of the sensor was simulated using COMSOL finite element modeling with an acoustic-structure interaction to include the sound field. The damping of the oscillating wings is primarily due to the interaction of the comb fingers with the air in between them [16] . In the simulation, damping was incorporated as a boundary condition at the edge of each wing based on Couette flow [17] . The larger perimeter of the combs that interacts with air compared to length of the edge was taken into account by increasing the amount of damping by their ratio. The frequency response in Fig. 3 (a) shows two resonant peaks at 1.14 kHz and 1.52 kHz which are due to the rocking and bending modes respectively. The full width at half maximum (FWHM) of the bending resonance peak was found to be about 95 Hz. The smaller amplitude of rocking is due to the minute pressure difference between the two wings. Figure 3 (b) shows the simulated directional response of the bending mode which has a cosine dependence as a result of the pressure difference on the top and bottom of the wings [8] .
One of the fabricated sensors using micro-electro-mechanical system (MEMS) technology on a silicon-on-insulator (SOI) wafer offered by MEMSCAP foundry service [18] is shown in Figure 4 (a). The SOI substrate is 400 µm thick with a 25 µm thick device layer. Etching is done on both sides of the wafer to form the sensor with a trench on the back. The surface of the sensor was covered with a gold layer (which is available in the MEMSCAP process) to increase the mass of the wings. Figure 4 (b) shows an SEM image of a section of the comb finger capacitor. Slight vertical misalignment of the wing's combs relative to that of the substrate is due to wing bending after release due to residual stress [12] . The total estimated capacitance of the comb fingers was about 12 pF. In addition to the comb finger capacitors attached to the wings, a reference capacitor with the same size was fabricated next to the sensor (see Fig. 4 (a)) for a differential measurement of the changing capacitance. 
CHARACTERIZATION
The frequency response of the sensor was measured in an anechoic chamber by feeding the electrical output of the MS3110 electronic readout chip [19] to a SR865 lock-in amplifier. The Aux Out port of the lock-in was used to provide 5 V DC to power the chip. In addition, the built-in sine output of the SR865 was used to provide the electrical stimulus to the speaker via a HP467A power amplifier. The speaker and the sensor were mounted in the anechoic chamber approximately 3 meters apart, which is in the far field for 1.5 kHz. The sweep setting for the lock-in was set for the desired start and stop frequencies with the step size default of 0.16 second. This resulted in a sweep time of about 100 seconds. Figure 5 (a) shows the measured frequency response for sound incident at 45 o . Two resonant peaks were observed at 1.1 kHz and 1.51 kHz corresponding to rocking and bending modes, respectively. The peak positions are matched well with that of the simulated (see Fig. 3 ). The measured FWHM of the bending resonant peak in Fig. 5 (a) is about 97 Hz which is in close agreement with that of the simulated (95 Hz) indicating that the damping estimation using Couette flow [17] provides a good account of the dissipative process. For the measurement of directional response, the sensor is operated at the bending resonance frequency due to the larger amplitude of vibration. Figure 5 (b) shows the measured directional response of the sensor which closely matches with that of the simulated shown in Fig 3 (b) . The sound pressure at the sensor was measured using a calibrated microphone and found to be about 100 mPa (or 74 dB re 20μPa). The data in Fig. 5 (b) gives a peak sensitivity of about 9 V/Pa. 
DUAL SENSOR
It can be seen that the directional response in Fig. 5(b) is symmetric about normal incidence (0 o ) making the determination of direction ambiguous. In addition, for determination of the angle, the sound pressure at the sensor must also be known. Rather than using a calibrated omnidirectional microphone to determine the pressure, an alternative approach is to use two DF sensors arranged at a canted angle as in Fig. 6 (a) . This is similar to the approach used by the radar community for determining the target bearing using monopoles [20, 21] . A dual sensor assembly was fabricated using a custom made fixture to mount the two sensors at θoff = 30° as shown in Fig. 6 (a) . The canted angle does not necessarily need to be 30 o . Its size basically determines the "field of view" for the sensor assembly. The smaller the canted angle, the larger the field of view is. The directional response of each sensor of the assembly was measured in an anechoic chamber using two lock-in amplifiers. Both sensors were excited at 1.5 kHz which is the bending resonance frequency. Figure 6(b) shows the measured responses of the two sensors as a function of the incident angle of sound from -180° to +180°. As expected, the responses are shifted from each other by 60 o (i.e., twice the canted angle). In order to remove the unknown sound pressure at the sensor assembly, the difference over sum ratio was calculated using the measured sensor outputs in Fig. 6 (b) for the range from -60° to +60°. Figure 7 (b) shows the ratio, which has a tangent dependence with incident angle [16] , and serves as the calibration curve for the two-sensor assembly. Next, measurements were taken at 15° intervals over the range of ±60° using a sound source located at about 165 meters from the sensor. The recording of signals from the two sensors was performed using a LabVIEW routine. The maximum response of the two sensors was computed by the data acquisition system and the difference over the sum at each of the angles was calculated to determine the measured angle using the calibration curves in Fig. 7 (a) . Figure 7 (b) shows the plot of measured vs actual angles along with an ideal response line corresponds to a 45° slope. The average deviation between the measured and actual angles was found to be about 2 o . It is interesting to note that the overall bearing accuracy is close to that of the fly's hearing system [2] .
CONCLUSIONS
A MEMS direction finding sensor has been developed based on the mechanically coupled ears of the Ormia Ochracea fly. The resonant response of the sensors in the bending mode produced a 9 V/Pa output at 1.5 kHz. Two sensors that were co-located at an angle were used for determining the direction of sound. After calibration of individual sensor responses, the difference of the sensor outputs is divided by the sum to eliminate the unknown sound pressure. This resulted in an output that follows a tangent dependence, with a unique output for each angle across a 120° range. It was found that the measured and the actual angles agree well with an average deviation of about 2° within the entire range. This accuracy indicates potential to use of the MEMS direction finding sensor for accurate localization of sound sources having a frequency component which overlaps with the resonance frequency of the sensor.
